Background: Biopalladium (bioPd(0)) nanoparticles on Klebsiella Pneumoniae ECU-15 were synthesized mainly on the microorganism's surface. Data suggest that the resistance of mass transfer around the cell surface region plays a critical role in bioPd(0) synthesis process. However, the mechanisms for its role remains elusive. Results: The experimental results indicated that 1) diffusion resistance existed around the microorganism's cell in reaction vessel and 2) fluid shear stress affected the mass transfer rates differently according to its strength and thus had varying effects on the bioPd(0) synthesis. More than 97.9 ± 1.5% Chromium(VI)(Cr(VI)) (384 μM) was reduced to Cr(III) within 20 min with 5% Pd/bioPd(0) as catalyst, which was generated by the K. Pneumoniae ECU-15, and the catalytic performance of Pd/bioPd(0) was stable over 6 months. The optimal condition of bioreduction of Pd(II) to Pd(0) was determined at the Kolmogorov eddy length of 7.33 ± 0.5 μm and lasted for 1 h in the extended reduction process after the usual adsorption and reduction process.
Background
The recovery of nanopalladium particles from waste has been of great interest recently [1] . Certain physical properties of nanopalladium particles differ from those of the bulk material [2, 3] . Palladium is used extensively because of its catalytic activity in some chemical reactions. Traditionally, the preparation of nanopalladium requires the rigorous experimental procedures. In contrast, the microbiological biosynthetic process of converting Pd(II) to Pd (0) works through the binding of metal Pd(II) ions onto highly reactive bacterial cell surfaces concomitant with Pd (II) ion reduction [4] at ambient temperature and pressure. This process does not require hazardous chemicals and, thus, is effective and environmentally friendly.
Many kinds of bacterial species have been used in the reduction of Pd(II) salts to their elementary metallic form [1] . Humphries et al. investigated the reduction of Cr(chromium(VI) by immobilized cells of Desulfovibrio vulgairs NCIMB8303 and Microbacterium sp. NCIMB 13776, which showed that the best immobilization matrices were 130 (agarose) and 15 (agar) nmol h −1 mg dry cell wt −1 , with the highest Cr(VI) reducing efficiency [5] . Macaskie et al. studied palladium catalysts generated on gram negative (Desulfovibrio) and gram positive (Bacillus) bacterial surfaces. Discrete nanoparticles were located in the periplasmic space of Desulfovibrio desulfuricans [6] and in the peptidoglycan and proteinaceous surface layer (S-layer) of Bacillus sphaericu [7] . De Windt et al. found that the bioreductive deposition of Pd(0) occurred on the cell wall and in the periplasmic space of Shewanella oneidensis in the presence of a series of electron donors [8] . Deplanche et al. investigated the involvement of hydrogenase in the formation of Pd(0) using Escherichia coli mutant strains [9] . Martins et al. found that a Pd(II) resistant bacterial community could biorecover this metal from a solution, and that the bacterial consortium was closely related to several Clostridium species, Bacteroides, and Citrobacter [10] . Many fermentative species could produce hydrogen during fermentation and subsequently reduce Pd(II) to Pd(0). An addition of Pd(II) to the fermenting culture of Clostridium pasteurianum could result in the formation of Pd(0) nanoparticles on the bacterial cell wall and in the cytoplasm [11] . Klebsiella pneumoniae is a potential biohydrogen producer [12] and has the ability to bioreduce Pd(II) [13] . The evaluation of the capacity of K. pneumoniae to reduce Pd(II) to Pd(0) nanoparticles would be significant because of its respiration diversity, its wide distribution in various environments, and its potentially effective approach to the remediation of aggressive metal waste.
Biopalladium nanoparticles were synthesized mainly inside the cell surface region [14] . The resistance to mass transfer inside this region during bioPd(0) preparation should not be neglected. Han et al. found that besides the heating effect, microwaves could also enhance the mass transfer rates of active constituents. The bound potential of cell walls could be overcome by a certain microwave intensity to increase the extraction efficiency [15] . The fluid shear stress could also be used to open the periplasmic layer, reduce its mass transfer resistance and enhance the rates [16] . However, the influence of shear stress on the chemical and physical properties of biosynthetic nanopalladium particles was not fully understood. In this study, the influence of fluid shear stress during the bioPd(0) preparation process on its catalytic activity for Cr(VI) reduction to Cr(III) was investigated. Physical properties of the bioPd(0) were measured by a transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDAX), and X-ray diffractometry (XRD). The results would be significant for the development of the efficient and stable bioPd(0) catalyst production biotechnology.
Methods
Preparation of the bioPd(0) catalysts K. pneumoniae ECU-15 was isolated from the anaerobic sewage sludge [12] and cultured to a high-cell concentration in an experimental reactor. The biomass at midlogarithmic phase cultures was harvested by a centrifuge (4000 g, 15 min, 4°C). The pellets were washed three times by 100 mL of MOPS-NaOH buffer (20 mM, pH 7.2) and resuspended in 50 mL of the same buffer. And then it was stored at 4°C under N 2 for no more than 24 h until use. Cell concentration (mg/mL) was determined by a correlation to a predetermined OD600 to dry weight conversion.
A known volume of the concentrated resting cell suspension was transferred anaerobically into a 100-mL serum bottle, which contained an appropriate volume of degassed 2-mM PdCl 2 solution to make the final weight ratio of Pd to dry cells equal to 1:19. That means a final loading of 5% Pd on biomass could be obtained. A series of steps was scheduled as follows: firstly, the static adsorption process between the microorganism and the Pd(II) lasted for 30 min, then the solution was sparged by H 2 for 20 min in the reduction process. The H 2 was retained in the serum bottle till the end of the preparation process. The degree of the Pd(II) reduction from the solution was confirmed by assaying the residual Pd(II) ion concentration by the SnCl 2 method in cell/Pd mixture supernatant [17] . The Pd(0)-coated biomass was harvested by centrifugation(4,000 g, 15 min, 25°C) and rinsed three times by a distilled water (dH 2 O). The black precipitate was washed once by acetone and left to dry in air for overnight to a constant weight and finely ground in a mortar. The physical properties of the Pd-loaded bacterial cells were measured using TEM (JEM-2100, JEOL, Akishima-shi, Japan), EDAX (DX-4, EDAX, Mahwah, NJ, USA), and the XRD (D/max2550B/PC, Rigaku, Shibuya-ku, Japan). The catalytic activity of the bioPd(0) was tested without further processing.
Transmission electron microscopy
The bacteria loaded with the palladium were rinsed twice with the distilled water and then fixed in the 2.5% glutaraldehyde. After being centrifuged at 10,000 rpm, the pellets of palladium-loaded bacteria were resuspended in 15 mL of 0.1 M Na-cacodylate buffer and then stained for an hour in the 1% osmium tetroxide solution in 0.1 M phosphate buffer at pH 7 for the measurement of the TEM. Cells were dehydrated for 15 min by the 70%, 90%, and 100% ethanol solution, respectively. Then, it was washed twice in the propylene oxide for 15 min. The cells were embedded in the epoxy resin and then the mixture was left to be polymerized at 60°C for 24 h. A section (100-nm thick) was cut from the resin block, placed onto a copper grid, and then viewed with TEM (JEM-2100, JEOL, Akishima-shi, Japan).
EDAX and XRD measurements
For the EDAX and the XRD analysis, the parallel samples of Pd(0)-loaded biomass were washed for three times in the distilled water and once in acetone. After the centrifugation process, the Pd(0)-loaded biomass were resuspended in a small volume of acetone and then air-dried to a constant weight. Finally, it was grounded to a fine powder by an agate mortar. The powder was analyzed using the EDAX (DX-4, EDAX, Mahwah, NJ, USA) and the XRD (D/max2550B/PC, Rigaku, Shibuya-ku, Japan). The powder pattern was compared to the references in the Joint Committee for Powder Diffraction Studies (JCPDS) database.
Evaluation of catalytic activity via Cr(VI) reduction to Cr(III)
The bioPd(0) could be used as the catalyst for the reduction of Cr(VI) to Cr(III). In this paper, a comparative study of the catalytic activity of bioPd(0) under various condition of preparation was carried out. During the experimental process, 10 mg bioPd(0) were accurately weighed and then put into a 25-mL serum bottle sealed with butyl rubber stopper, containing 10 mL, 384 μM Cr (VI). The mixture was made anaerobic by sparging the solution with oxygen free nitrogen for 10 min. The bottle was stalled in a 30°C water bath for 30 min before the reaction. The reaction was initiated when 1 mL of sodium formate as the electron donor was added with the final concentration to 25 mM. The samples were periodically withdrawn from the bottle via the rubber septa and centrifuged at 4,000 rpm for 2 min to remove the bioPd(0) catalyst. The supernatant was measured to determine the concentration of Cr(VI) and Cr(III).
Effect of different conditions on catalytic activity in the extended reduction of Cr(VI) to Cr(III)
Comparative studies of the catalytic activity of bioPd(0) for Cr(VI) reduction to Cr(III) were carried out under different bioPd(0) preparation conditions. The preparation of bioPd (0) nanoparticles through the reduction of Pd(II) by K. pneumoniae ECU-15 comprised three steps, as represented schematically in Figure 1 . In the adsorption step, the Pd(II) ions in the solution were adsorbed on the cell surface. In the reduction step, the adsorbed Pd(II) ions were reduced to Pd(0) at the cell surface with hydrogen sparging. And in the third step, the reduction process was extended through the introduction of stationary or shaking factors, which represented the new findings of this paper.
Stationary operation in the extended reduction process referred to the cell/Pd(0)/Pd(II) mixture solution being allowed to stand from 0 to 13 h. BioPd(0) was harvested and used as Cr(VI) reduction catalyst after several hours of standing time. The variation in shaking factors referred to a variation in shaker speed from 50 to 200 rpm and time from 1 to 3 h only after hydrogen sparging. The reduction of Cr(VI) was estimated as the percent of Cr(VI) which were reduced to Cr(III) at the set time. The reduction ratio could be calculated from the following formulas:
Where C 0 was the initial concentration of Cr(VI), and C t was the concentration of Cr(VI) at time t.
Results and discussion
Examination of bioPd(0) samples by electron microscopy, energy dispersive X-ray spectroscopy, and X-ray diffraction
As shown in Figure 2 , the color of the solution in the reduction system changed from milk white to black, which indicated that the Pd(0) might be generated through the reduction of Pd(II) ions by the K. pneumoniae ECU-15.
After the centrifugation and rinse treatment, the black precipitate was dried to a constant weight and finely ground in a mortar, which was finally stored in the vacuum desiccator. The TEM photographs of the Pd-located cells of the K. pneumoniae ECU-15 were shown in Figure 3a ,b,c,d. The nanoPd(0) deposits were almost the round black particles with similar morphology. It was also shown that the Pd particles were distributed on the periplasmic space and the cytoderm of the K. pneumoniae ECU-15, which was consistent with that of the previous research [18] . It seems that there was no bioPd(0) appeared in the intercellular space, which indicated that the nano bioPd(0) might be generated by some catalytic reduction reaction on the cell surface of K. pneumoniae ECU-15. According to the various magnifications of the TEM images of the bioPd(0) nanoparticals, it seems that the particles size ranged from 5.0 to 26.5 nm, with the average article size of 15.8 nm. The identity of the nanoparticle deposits as bioPd(0) was confirmed by the EDAX analysis shown in Figure 3e , where the Pd components was obvious. The C, O, and P components shown in Figure 3e were the cellular material. The characteristic diffraction peak of the crystalline Pd(0) particles at 2θ = 40°, 47°, and 68°were also shown by the XRD diffractograms, as reported by Hennebel et al. [13] . It was also confirmed that the cell-mediated reduction of the Pd(II) to the metallic Pd(0), with a face-centered cubic structure [19, 20] through the XRD patterns of the Pd(II)-challenged cells, were shown in Figure 3f . All these results proved that the generation of the bioPd(0) was through the reduction of the Pd(II) to Pd(0) on the surface of the K. pneumoniae ECU-15 cells. The location of the bioPd(0) nanoparticles generated might be caused by the distribution and properties of hydrogenase and other enzymes involved in Pd(II) reduction [11] . However, Rotaru found that the cell surface functional groups really played a catalytic function role for the Pd(II) reduction to the bioPd(0) [3] . These mechanisms were not yet unified and needed to be explored carefully. The accepted view was that the reactant should firstly transfer from the solution to the function groups or the enzymes on the cell surface, and thus, the resistance of mass transfer inside the cell surface scaffold should not be neglected.
Effect of extended reduction standing time during bioPd (0) preparation on catalytic activity for Cr(VI) reduction to Cr(III)
The cell wall of K. pneumoniae ECU-15 is composed mainly of peptidoglycan, which contributes to the mechanical strength of the bacterial cell structure and prevents the intrusion of various ions as a barrier to mass transfer [21] . As discussed above, the synthesis process of bioPd(0) nanoparticles by the reduction of Pd(II) on K. pneumoniae ECU-15 included an adsorption process and a reduction process [20] . In order to confirm the time of the adsorption process, the adsorption efficiency of Pd(II) in the solution could be determined by detecting the residual Pd(II) concentration through the SnCl 2 method. The preliminary experiments showed that the residual Pd(II) concentration gradually decreased within the first 30 min, and the adsorption equilibration of Pd (II) would be reached at 30 min. The influence of standing time on the extended reduction of Cr(VI) to Cr(III) by bioPd(0) catalytic activity was given in Figure 4 . The catalytic activity was improved by extending the reduction time. An increase in standing time from 0 to 6 h resulted in the complete reduction of Cr(VI) to Cr(III) in 1 h instead of 5 h. Especially, the Cr(VI) reduction ratio (η) has increased exponentially in the first 1 h with the standing treatment. With a further increase in standing time, the improvement in catalytic activity of the bioPd (0) was not obvious. Extending the reduction time would influence the equilibrium time for bioPd(0) generation, which influence the bioPd(0) catalytic activity indirectly. The optimal standing time was found to be 6 h. The TEM micrograph in Figure 5 showed that the nanoparticles were distributed homogeneously with higher density in the periplasmic space and cytoderm with the longer standing time (Figure 5a,c) , while in Figure 5b ,d, the palladium particles demonstrated with the properties of uneven size and inhomogeneity distribution. This observation further confirmed the results in Figure 4 .
During the Pd(II) reduction process, the Pd(II) ions and molecular hydrogen in the solution would pass through several layers, such as the gas-liquid, liquidliquid, and solid-liquid layers before arriving at the hydrogenase and functional organic groups on the membrane and periplasmic space of the cells [22] . It was followed by the nucleation of Pd(0) and further cluster growth. The three-dimensional structure of the periplasmic space around the bacterial cell had a certain resistance to the ions [23] and the molecular diffusion process and more time was required for the delivery of Pd(II) ions and molecular hydrogen to the microorganism cell surface to complete the reduction of Pd(II) to Pd(0). Thus, it's necessary to overcome the resistance to mass transfer around the microgram cell for the efficient preparation of stable and high efficiency bioPd(0).
Effect of fluid shear stress during Pd(II) adsorption and reduction processes on the catalytic activity of bioPd(0) for Cr(VI) reduction to Cr(III)
It is critical that the Pd(II) ion and molecular hydrogen were transferred efficiently to the synthesis site of the bioPd(0) on the cell surface of K. pneumoniae ECU-15. Therefore, mass transfer problems in the preparation of bioPd(0) should be investigated. The fluid shear stress, which was generated by various flask shaking intensities, could reduce the mass transfer resistance in the periplasmic layer [23, 24] . The movement of the turbulent eddies, which were produced by fluid turbulence intensities, would generate fluid shear stress [25] . The turbulence intensity could be demonstrated by the Kolmogorov eddy length of the fluid [26] . For an internal fluid in the Erlenmeyer flask at different shaking speeds, the Kolmogorov eddy length of the fluid turbulence could be calculated from Equation (2) [27] . The estimated values for the energy dissipation rate and smallest eddy size at different shaking speeds were given in Table 1 . When the shaking speeds increased from 50 to 200 rpm, the Kolmogorov eddy length would decrease from 160.69 to 3.26 μm. And thus, the impact of fluid shear force could be expressed quantitatively by the Kolmogorov eddy length.
where λ is the Kolmogorov eddy length (μm), v is the fluid kinematic viscosity (m 2 /s), ε is the unit average ). Additional file 1: Figure S1 showed the recovery ratios of Pd(0) at different shaking speed. It seems that all the recovery of Pd(0) exceeded 90% with little difference shown among the various shaking speeds. The possible reason was that the Pd(II) was mainly reduced by H 2 , but the other factors, such as the fluid shear stress, the hydrogenase, etc., in the bioreduction process predominantly regulated and controled the physical properties of the Pd(0), which fundamentality influenced the catalytic activity of Pd(0). The effects of shaking speed during the adsorption and the reduction process on the catalytic activity of bioPd(0) for Cr(VI) reduction to Cr(III) were studied in this study with results shown in Figure 6a . The η of the Cr(VI) reduction to Cr(III) increased as the reaction time increased, and gradually added to a certain value. At the initial time of the reduction process, the reduced rates of Cr(VI) to Cr(III) increased exponentially by the bioPd(0) generated with the shaking treatment, which was obviously higher than those without shaking. After 3.5 h, 84.6% Cr(VI) was reduced to Cr(III) by the bioPd(0) generated at the shaking speed of 150 rpm. It reached the 95% with the bioPd(0) prepared at 200 rpm, while only 60% Cr(VI) was reduced with 300 rpm. It was indicated that the higher shear stress was beneficial to the synthesis of bioPd(0) with higher catalytic activity. However, too high shear stress, such as 300 rpm, would be harmful, which adversely affect the preparation of bioPd (0). Approximately 5.5 h was required for the accomplishment of the reduction of Cr(VI) to Cr(III) by the bioPd(0) generated at a shaking speed of 150 or 200 rpm in the generated process. The data suggested that the shaking during adsorption or reduction process did not obviously impact on the improvements in the catalytic activity of the bioPd (0). It was estimated that this process was reaction controlled, and the increase of the mass transfer rates would not visibly influence the bioPd(0) catalytic activity.
Effect of fluid shear stress during the extended Pd(II) reduction process on catalytic activity of bioPd(0) for Cr(VI) reduction to Cr(III)
The cell-Pd(II) mixed with liquor after 30 min adsorption was sparged with hydrogen for 20 min under static conditions before it was placed on a shaking table. As seen in Figure 6b , the η was studied as functions of the different shaking speeds. The catalytic activity of bioPd (0) on the η could be improved severalfold when the shaking speeds were increased from 50 to 200 rpm. The optimum reduction condition was determined at 75 min, 150 rpm. When the shaking speeds increased from 50 to 150 rpm, the catalytic activity of bioPd(0) increased proportionately. However, the catalytic activity of the bioPd (0) decreased at 200 rpm. The catalytic activity of bioPd (0) with shear stress was higher than that without. And then the influence of the shaking time on the catalytic activity in the extended reduction process was investigated. As seen in Additional file 1: Figure S2 , there was no obvious improvement in the catalytic activity of bioPd(0) with the time extended. The effect of fluid shear stress on bioPd(0) catalytic activity varied among the adsorption, reduction, and extended reduction process. In the adsorption and reduction processes, more time was required for the dissolved hydrogen molecules to reach a certain concentration around the cell surface before the beginning of the bioPd(0) synthesized process; whereas in the extended reduction process, when the dissolved hydrogen molecule and Pd(II) concentrations in the periplasmic region reached a certain level, strengthening the mass transfer for generating biological palladium would have a significant effect on the catalytic activity of bioPd(0). Hence, it was speculated that the shaking might assist in the even dispersion of Pd(II) on or into the location of Pd(0) generated sites. The fluid shear stress in the extended reduction process could affect the catalytic activity of bioPd(0) significantly. A possible explanation was that this stage was mass transfer controlled, and strengthening the mass transfer would be beneficial to generate bioPd(0) with high catalytic activities [28] . It required the further research. The diffusion rates of Pd(II) ions and hydrogen molecules from the solution to the liquid boundary layer surrounding the bacterial cell increased with fluid turbulence intensities. The thickness of the liquid boundary layer and the external diffusion resistance decreased with turbulence intensity and fluid shear stress [29] . The too high shear stress might reduce the enzyme activity and destroy the cellular structure [24, 30] . Small eddies, similar in size to those of the cells, could cause the higher shear stresses on the cells and lead to the physical damage [31] . As shown in Table 1 , when the shaking speeds increased from 50 to 150 rpm, the smallest eddy sizes decreased from 160.69 to 7.33 μm, which was greater than the size of the K. pneumoniae ECU-15 cells (1-1.5 μm). However, when the shaking speed was 200 rpm, the smallest eddy size (3.26 μm) was close to that of the K. pneumoniae ECU-15 cells with the catalytic activity of the bioPd(0) for Cr(VI) reduction to Cr (III) decreased. A suitable fluid shear stress would probably decrease the mass transfer resistance with more bioPd(0) being nucleated and evenly distributed on the cells. Considering the time consumption and cost of resources, the optimal conditions for the preparation of high catalytic activity bioPd(0) were to shake the mixed liquor at 150 rpm during the extended reduction process.
More than 97.9 ± 1.5% Cr(VI) (384 μM) was reduced to Cr(III) within 20 min with 5% Pd/bioPd(0) as the catalyst. The catalytic performance of the bioPd(0) was stable over 6 months. The 5% Pd/carbon commercial catalyst c Figure 6 The effects of fluid shear stress in the preparation to the catalytic activity of bioPd(0). The effect of the shaking in adsorption process and reduction process to catalytic activity of bioPd(0) (a). The effect of the shaking speed and the shaking time in the extending reduction process to the conversion of the reduction of Cr(VI) to Cr(III) with the bioPd(0) as catalyst (b). The constant of reaction rate of bioPd(0)s on the reduction of Cr(VI) to Cr(III) at different shaking speeds (c). could reduce 96 ± 1.3% Cr(VI)(500 μM) in 60 min [9] . It seems that the bioPd(0) generated from the fluid shear stress regulation process could be a competitive biocatalyst. The Cr(VI) reaction ratio changed with different types of bioPd(0) catalyst and was solely attributed to the different shaking speeds in the extended reduction process. The reaction ratio constants (k) of Cr(VI) to Cr(III) with different types of bioPd(0) as catalysts were calculated from Equation (3) . The slope of the lines in Figure 6c was the reaction ratio constant (k). A maximum k of 1.199 min −1 was obtained at 150 rpm. The difference in maximum k was mainly because of the maximum catalytic activity of the bioPd(0), which resulted from the different shaking speeds in the extended reduction process. A suitable shaking speed would reduce the reaction time of Cr(VI) to Cr(III) reduction process.
where y is the percentage Cr(VI) consumption, t is the test time (s), and k is the reaction rate constant.
Conclusions
BioPd(0) was produced inside the periplasm of K. pneumoniae ECU-15 cells and could catalyze the reduction of Cr(VI) to Cr(III). Extending the standing time in the reduction process would be benefical for the biosynthesis of the bioPd(0) with high catalytic activity. Increasing the mass transfer rates through regulating the fluid shear stress for the extended reduction process during the bioPd (0) generation process would improve the catalytic activity of bioPd(0) for the reduction of Cr(VI) to Cr(III). The optimal condition of the bioreduction of Pd(II) to Pd(0) was at the Kolmogorov eddy length of 7.33 ± 0.5 μm, 1 h in the extended reduction process after the usual adsorption and reduction process. Increasing the mass transfer rate by the regulation of the fluid shear stress could provide certain advantages and possibilities for the development of bioreactor technologies for the noble metal recovery.
